Summary. Significant advances have been made over recent decades in the treatment of childhood malignancies. These advances had an incredible cost, as an increasing number of young survivors suffer subfertility or infertility, because of the high sensitivity of testicular cells, especially the rapidly dividing germ cells, to cytotoxic drugs and irradiation. Therefore, the impact of treatment on future fertility is of significant concern, both to parents and patients. Assessment of fertility damage in childhood remains problematic. For post-pubertal males, semen analysis represents a good indicator of spermatogenesis and testicular function, and allows for sperm cryopreservation. The available method for prepubertal children is only gonadal tissue cryopreservation. This method is still experimental and raises ethical concerns. Ideally, a multidisciplinary team approach needs to be used in addressing the needs of fertility preservation for this population. Precise knowledge of these issues would help pediatric oncologists and endocrinologists to counsel their patients and inform them for factors and resources that may protect or preserve parenthood options in the future. (www.actabiomedica.it)
Introduction
Testicular damage can be due to testicular disease, surgery or radiation therapy to the testes and adjacent tissues, as well as to systemic chemotherapy and or radiotherapy. Secondary hypogonadism can be induced by surgery or radiotherapy of tumours of the central nervous system, foremost in the pituitary-hypothalamic region (1) .
Approximately half of childhood malignancies are hematologic (leukemia and lymphoma), with an anticipated long-term survival for children of more than 80%. Improvement in prognosis and survival have also been observed for many other childhood malignancies, including Wilms' tumour, malignant bone tumours, and rhabdomyosarcomas (2, 3) . The risks of gonadal toxicity after cancer treatment depend on the type of malignancy and its specific treatment (4, 5) .
Although several national organizations support integrating fertility consultation into routine care of these patients (6) , fertility preservation is still underestimated.
Numerous studies have shown that oncology providers inconsistently refer adolescent males and females for fertility preservation consultations before the onset of cancer treatment. In one study, 80% of physicians agreed that the threats to fertility are a major concern for them when dealing with adolescent male oncology patients, but only 2/3 of these providers routinely referred patients to a fertility specialist before cancer treatment (7) .
This article summarizes reviews on the gonad toxicity of cancer therapies in pediatric and adolescent patients and the current fertility preservation options for these subjects.
Optimizing counselling would help to prevent missed opportunities for fertility preservation and alleviate distress among patients and families (8) .
Control of puberty and reproduction
The hypothalamic-pituitary-gonadal axis controls puberty and reproduction and is tightly regulated by a complex network of inducing and inhibitory factors (9, 10) .
Gonadotropin-releasing hormone (GnRH) is produced in the preoptic area of the hypothalamus and released from axon terminals in the median eminence in a pulsatile manner, to stimulate the secretion of luteinising hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary, which in turn act on the gonads to promote gametogenesis and production of sex steroids (11) (12) (13) .
FSH stimulates the seminiferous tubules of testicles to produce sperms. LH stimulates specialized cells in the testes, called Leydig cells, to secrete the male hormone, testosterone. The rate of LH secretion is influenced by the amount of testosterone circulating in the blood. FSH secretion is controlled by inhibin. The rate of inhibin secretion is governed by the amount of sperm produced by the seminiferous tubules (14, 15) . Besides inducing the male characteristics, testosterone enhances the production of sperm. Two important negative feedback loops exist to regulate the secretion of gonadotropins. The testosterone negative feedback loop is established in fetal life and inhibits hypothalamic and pituitary production of GnRH and LH.
Inhibin-B, produced by the Sertoli cell, exerts inhibitory effects on FSH secretion from the pituitary; this negative feedback loop is established at around puberty (15) .
Any disruption of this system or dysfunction of its components may lead to gonadal damage and infertility (16) .
Physical changes of puberty
Timing of puberty is the result of both genetic and environmental factors. The age of puberty onset varies between individuals and the timing of puberty initiation is associated with several health outcomes in adult life (17) (18) (19) .
The most visible changes during puberty are pubertal growth spurt in stature and the development of secondary sexual characteristics. Equally profound are the changes in body composition and the establishment of fertility. The first sign of puberty initiation is typically the thelarche (breast development) in girls and the testicular enlargement (4 ml) in boys ( Table 1) .
Testes enlargement is mainly due to the increase in volume and tortuosity of seminiferous tubules. Puberty is deemed physiological when it begins between the ages of 8 and 12 years in girls and between 9 and 14 years in boys. The initiation of puberty at younger ages is regarded as precocious puberty and at older ages as delayed puberty (20) . Some children reach complete sexual development in less than 2 years, while others require more than 4 years (14) .
Physiology of testicular function
The testes fulfil two tasks, namely steroidogenesis and spermatogenesis. Steroidogenesis takes place in the Leydig (interstitial) cells, situated between the seminiferous tubules. Spermatogenesis takes place in the germinal epithelium of the tubules.
The germ cells undergo through various stages of development before spermatozoa (mature sperm) Table 1 . Pubertal assessment in males according to Tanner (17, 18) reach maturation. Spermatogenesis commences during puberty and continues throughout life until old age. Spermarche (based on spermaturia, as a marker) may occur when the testicular volume is only slightly increased. Spermaturia is present in 1% to 2% of boys at 11 years of age, 15% to 37% at 12 to 13 years , and 24% to 69% at 14 years of age (21) . In brief, the presence of spermatozoa was found in 5% of clinically prepubertal boys and in 50% of boys between Tanner stage II and III for pubic hair pattern (22) .
Serum hormone levels are not useful to predict sperm production since at the onset of spermaturia, gonadotropin and testosterone concentrations are low and start to increase after Tanner stage II. Full spermatogenesis process takes about 60 days in the testes and other 10-14 days to pass through the epididymis and vas deferens (21) (22) (23) (24) . Seminal parameters, collected by masturbation in 35 healthy adolescents and young adults, are presented in figure 1.
Effects of chemotherapy and radiotherapy on male fertility
Exposure to chemotherapy and or radiation to gonads or pituitary for treatment of malignancies causes long-term complications on reproductive capacity (25) ( Table 2 ).
The impact of cancer therapy on fertility is related to the type of malignancy, the age of patient, duration, dose/intensity, and type of treatment. Anticancer treatment, in the form of cytotoxic chemotherapy and radiotherapy may have detrimental effects on the testis at all stages of life (26) (27) (28) (29) (30) .
Overall, gonad toxic treatment with chemotherapy demonstrated a more significant impact on germ cells than on Leydig cells (Figure 2 ), and thus cancer survivors who are azoospermic after treatment may maintain adequate testosterone production (31) .
Animal studies disclosed that cytotoxic therapy disrupts spermatogenesis by targeting rapidly dividing cells such as the spermatogonial stem cells (SSC) (32) .
Gonadal function was evaluated, measuring FSH, LH, inhibin B and total testosterone levels, in 199 male childhood long-term cancer survivors (LTCS). The median follow-up time was 14 years. Spermatogenesis damage (SD) was diagnosed in 68 patients, 16 LTCS had primary hypogonadism (total testosterone <3 ng/dl), and 13 had central hypogonadism. The adjusted risk of gonadal dysfunction was higher in patients treated with radiotherapy (OR = 8.72; 95% CI 3.94-19.30) and in those exposed to both alkylating and platinum-derived agents (OR = 9.22; 95% CI 2.17-39.23). Sarcomas were associated with the higher risk of gonadal dysfunction (OR = 3.69; 95% CI 1.11-12. 22 ). An extremely high rate of gonadal dysfunction was also detected in patients who underwent hematopoietic stem cell transplantation and/or total body irradiation (33) .
In general, there are indications that multiple low dose insults with cyclophosphamide are more damaging to the seminiferous epithelium than a single highdose insult (34) . Similar threshold doses for increased incidence of testicular failure have also been reported for other alkylating agents, carboplatin and cisplatin (35, 36) . However, it remains difficult to quantify the precise infertility risk posed by each individual drug, as most are administrated as part of multidrug regimens (37) . Table 3 reports the potential negative effects of chemotherapy, radiation and surgery on gonads. Table 3 . Negative effects of chemotherapy, radiation and surgery on gonads
Treatment
Gonadal effects
Chemotherapy The extent of chemotherapy-induced damage varies according to the agent administered and on the cumulative (Ref. [38] [39] [40] [41] [42] [43] [44] [45] dose received. Agents that are more likely to pose a risk to gametes include alkylating agents, cytarabine, vinblastine, cisplatin, and procarbazine, among others. Whether the prepubertal testis is less sensitive than the postpubertal testis to damage by chemotherapy is yet unknown.
Radiation
The effects of radiotherapy are dependent on the dose, the fractionation schedule, and the field of irradiation. (Ref. [46] [47] [48] [49] [50] Prepubertal testes are more affected by this treatment than the mature tissue. Radiosensitivity is much lower in Leydig cells than in spermatogenic cells. Gonad shielding can be used during radiation therapy but is only possible with selected radiation fields and anatomy.
Cranial irradiation of brain tumors may cause disruption of the hypothalamic-pituitary-gonadal axis and endocrine failure. Gonadotropin deficiency can develop when the hypothalamus and pituitary gland are damaged by tumors, or cranial radiation. Radiation-induced gonadotropin deficiency is dependent on irradiation dose and target tumor location.
Surgery
Gonadotropin deficiency develops when the hypothalamus and pituitary gland are damaged by surgery. (Ref. [51] [52] [53] Testicular cancer is associated with impaired semen parameters (e.g., decreased sperm concentration and sperm motility, total motile count), which may be further aggravated by orchiectomy. Moreover, retroperitoneal surgeries, as retroperitoneal lymph node dissection in cases of testicular cancer, or resection of retroperitoneal sarcomas can cause infertility by damaging the nerves responsible for ejaculation, causing retrograde ejaculation or anejaculation.
Management of fertility preservation in prepubertal boys and adolescents
Parents must be informed about fertility preservation options while young patients should be receptive to discussions about fertility preservation, suitable to their age and health status.
a. Prepubertal male patients
Prepubertal males pose a challenge for fertility maintenance as they cannot produce semen for cryopreservation. Although germ cells of the prepubertal testis include spermatogonial stem cells (SSCs), mature spermatozoa are absent. However, it should be possible to cryopreserve patient's testicular tissue for eventual restoration of spermatozoa production after completion of cancer treatment (54, 55) . To minimize trauma to the patient, the surgical recovery of testicular tissue should be combined with other interventions requiring anaesthesia, such as bone marrow sampling or implantation of venous ports. The main ethical justification for interventions for preservation is the need to safeguard the best interests of the child. A key question that must be addressed in consideration of fertility preservation strategies is to whom storage of sperm and/or testicular tissue should be offered (56) .
Although progress in this field is encouraging, fertility preservation in prepubertal boys is still in its infancy and represents a balance between biological, clinical and technical knowledge, ethical and legal questions.
b. Pubertal male patients
Infertility is often a complication for adolescent and young adult males who receive cancer therapy, a problem that might be averted using cryopreserved sperm. Parents and patients desire early information regarding sperm cryopreservation as it plays an important role in the decision to sperm banking.
We recommend sperm banking be offered to all eligible patients. It is important to bank sperm prior to initiating chemotherapy, as even small doses of gonad toxic agents can affect the quality of frozen specimen (57) (58) (59) . In cases of failure to produce a semen sample by masturbation, assisted ejaculation techniques such as penile vibratory stimulation or electroejaculation under general anaesthesia should be considered as a second-line option (60) ( Table 4) .
Screening for male gonadal function
Screening for problems related to male gonadal function in survivors includes: an annual age-appropriate history with specific attention to growth, pubertal development (standing and sitting height, Tanner staging, assessment of penile size, testicular volume, using the Prader orchidometer, and examination for gynecomastia) and problems with libido, impotence, or fertility. Approximately 85% of the testicular mass consists of germinal tissue, so a reduced germinal cell mass is associated with reduced testicular size and a soft consistency (61). Table 4 . Fertility preservation for prepubertal and pubertal male patients with cancer
Patients Techniques
Prepubertal male Testicular tissue cryopreservation. This procedure is still in an early experimental stage. Gonadal tissue cryopreservation involves surgical risks, which are small but can be serious, because of the possibility of reintroducing cancer cells.
Pubertal male
Cryopreservation of sperm and sperm banking after: 1. masturbation. Sperm should be collected before initiation of cancer therapy because of the risk that sperm DNA integrity or sample quality will be compromised. Alternative methods of obtaining sperm besides masturbation include: 1. electroejaculation under sedation or anesthesia. 2. penile vibratory stimulation 3. microsurgical epididymal sperm aspiration 4. testicular sperm extraction,which is performed via a needle biopsy of the testes to retrieve spermatozoa. Spermatogenesis status is evaluated either indirectly by determination of the levels of gonadotropins and testicular volume changes or directly by semen analysis.
Hormonal evaluation can be limited to the determination of serum concentrations of FSH, LH, testosterone (T), TSH and prolactin, as indicated clinically. A low testosterone level is one of the best indicators of hypogonadism of hypothalamic or pituitary origin (62) (63) (64) . Low LH and FSH values concurrent with low testosterone levels indicate hypogonadotropic hypogonadism. Elevated FSH and LH values help to distinguish primary testicular failure (hypergonadotropic hypogonadism) from secondary testicular failure (hypogonadotropic hypogonadism). An elevated FSH level associated with small, atrophic testes implies severe gonadal damage (62) (63) (64) . Also the pattern of serum anti-Müllerian hormone (AMH) expression, in combination with other hormones, could delineate testicular damage: serum AMH was correlated with increased FSH and Testosterone and decreased inhibin B in gonadotoxic protocols (cisplatin or busulfan) and remained unchanged in non gonadotoxic protocols (capecitabine) (65) . However, large-scale clinical studies are warranted for further define the role of AMH as a biomarker of testicular toxicity.
Although serum inhibin B is known to be a marker of germ cell function, the levels of inhibin B alone or inhibin B in combination with FSH do not reflect normal spermatogenesis in patients who have undergone cancer treatment in childhood (66) . The Children's Oncology Group Long-Term Follow-Up Guidelines for Survivors of Childhood, Adolescent, and Young Adult Cancer (COG-LTFU Guidelines) guidelines do not recommend screening for inhibin B routinely (67) .
An abnormal semen analysis is suggestive of testicular germ cell damage, but azoospermia may also be secondary to ejaculatory dysfunction or hormone deficiencies in survivors at risk for these complications (68) .
The World Health Organization Laboratory Manual for Examination of Human Semen and Semen-Cervical Mucous Interactions is highly recommended for evaluation of technical details of macroscopic and microscopic variables of semen (69, 70) .
Although semen analysis provides useful descriptive data for sperm count, motility, vitality, and morphology, parameters above the lower reference limits do not guarantee fertility, nor do values outside these limits necessarily imply male infertility or pathology (71) .
Azoospermic and severely oligo-asthenozoospermic survivors had significantly smaller mean testicular volume and higher basal FSH levels than the other survivors, but small testicles (sum of both testicular volume ≤20 ml) and/or abnormally high basal FSH (>10 mIU/mL) were present in only half of the azoospermic adult survivors (mean age 20.2 years) (72) .
When abnormalities in testicular function are detected, close cooperation with an endocrinologist is needed. When no abnormalities are noted on history and physical examination but sexual maturity has not been completed, the evaluation should be reviewed every 1-2 years. Conversely, in light of the potential recovery of spermatogenesis and interpatient variations in gonadal toxicity, reminding about contraception should be given.
Numerous recent improvements in sperm storage techniques and advances in assisted reproductive technology using intracytoplasmic sperm injection (ICSI) facilitate successful pregnancies using banked sperm, which remain viable for up to 28 years, if stored properly (73) .
Treatment of pubertal disorders and reduced fertility
The treatment of delayed or arrested puberty, and hypogonadotrophic hypogonadism depends on factors such as age, associated complications, and the presence of psychological problems resulting from hypogonadism. The severity of radiation induced gonadotropin deficiency, varies from subclinical to severe forms. Clinically significant gonadotropin deficiency is usually a late complication with a cumulative incidence of 20-50% on long-term follow-up, regardless of whether radiation was administered in childhood or during adulthood (74) .
For delayed puberty in males, low dosages of intramuscular depot-testosterone esters (25 mg) are given monthly, at a bone age of about 12 years, for 6 months to stimulate growth velocity. In patients with hypogonadism, therapy continues and the dose increased to 100 mg/mo. until the growth rate begins to wane. The fully virilising dose is 75-100 mg of depot-testosterone esters every 10 days administered intramuscularly or 100 mg/m 2 twice a month (75) . The same effects can be achieved with topical testosterone gel.
In presence of infertility, patients are evaluated to determine the cause and best treatment options (76) (77) (78) (79) (80) (81) . To-day new assisted reproductive techniques (ART) offer hopes to many couples, e.g. intracytoplasmic sperm injection (ICSI) as a management for severe male factors or for recurrent unexplained failure of in vitro fertilization (IVF) cycles (79) . ICSI is a procedure that is performed in conjunction with IVF. With ICSI, a single sperm from the male partner is injected directly into a woman's egg (oocyte) in the laboratory. The pregnancy rate with ICSI is approximately 20% to 40% per cycle (76, 77) .
The fertilizing potential of sperm depends not only on the functional competence of spermatozoa but also on sperm DNA integrity (Figure 3) . Sperms with compromised DNA integrity, regardless of the degree of DNA damage, appear to have the capacity to fertilize oocytes at the same rate as normal sperm. However, the embryos produced by fertilization of an oocyte with DNA damaged sperm can not develop normally (77) . Therefore, the evaluation of sperm DNA integrity, in addition to routine sperm parameters, could add further information on the quality of spermatozoa and improved predictive values could be obtained from validated sperm DNA fragmentation assays.The most commonly used techniques to assess sperm DNA integrity are the TUNEL and sperm chromatin structure assays (SCSA).
Adoption is offered for cases with unexplained failed IVF cycles and donor insemination for azoospermia.
In 2006, the American Society of Clinical Oncology (ASCO) published a clinical practice guideline on fertility preservation for adults and children with cancer (82) . ASCO guidelines are updated periodically by a subset of the original Expert Panel. These guidelines represent a set of comprehensive screening recommendations that can be used to standardize and direct the follow-up care for this group of cancer survivors. The Long-Term Follow-Up Program Resource Guide offers a broad perspective from a variety of long-term followup programs within the Children's Oncology Group and can be downloaded from http://www.survivorshipguidelines.org.
Knowledge about these issues would help pediatric oncologist and endocrinologists to counsel their patients as well as to connect them with the resources that may protect or preserve parenthood options for the future.
Conclusions
In the last years, thanks to the improvement of treatment in the prognosis in prepubertal and pubertal cancer patients, a growing attention has been given to the fertility issues. Chemotherapy and radiotherapy have a direct gonadotoxic effect compromising sperm number, motility, morphology and DNA integrity in male patients. Many factors share in the outcome of fertility in patients treated for cancer (Table 5) .
Fortunately, fertility preservation options exist for both female and male prepubertal and pubertal patients, and discussion of such options with patients and their families prior to the initiation of therapy and/ or before further deterioration of gonadal function is crucial.
While the majority of boys aged >12 years considered the information to be clear (72%), complete (80%) and understandable (90.9%), only 33.3% of boys aged <12 years were able to comprehend the information. Pressure from doctors to reduce the delay between diagnosis and cancer treatment increased the number of refusals, while hope for future parenthood favoured acceptance. Family support was considered important for 75% of adolescents and 58% of children, and medical support for 50% of adolescents and 42% of children (83) .
In conclusion, special attention should be paid to aspects of future quality of life, in particular: fertility and sexuality. The recent implementation of personalized medicine, in the management of children and adolescents with malignancies is expected to reduce the incidence and severity of gonadal complications related to the high sensitivity of testicular cells, especially the rapidly dividing germ cells, to cytotoxic drugs and irradiation.
